The influence of various regions of the FOXP2 sequence on its structure and DNA binding function by Thulo, Monare et al.
Bioscience Reports (2021) 41 BSR20202128
https://doi.org/10.1042/BSR20202128
Received: 12 June 2020
Revised: 09 December 2020
Accepted: 11 December 2020
Accepted Manuscript online:
15 December 2020
Version of Record published:
06 January 2021
Research Article
The influence of various regions of the FOXP2
sequence on its structure and DNA-binding function
Monare Thulo1, Megan A. Rabie1, Naadira Pahad1, Heather L. Donald1, Ashleigh A. Blane1, Cardon M. Perumal1,
J. Carlos Penedo2,3 and Sylvia Fanucchi1
1Protein Structure-Function Research Unit, School of Molecular and Cell Biology, University of the Witwatersrand, Johannesburg 2050, South Africa; 2Centre of Biophotonics,
School of Physics and Astronomy, University of St Andrews, St Andrews KY16 9SS, U.K.; 3Biomedical Science Research Complex (BSRC), School of Biology, University of St
Andrews, St Andrews KY16 9ST, U.K.
Correspondence: Sylvia Fanucchi (Sylvia.fanucchi@wits.ac.za)
FOX proteins are a superfamily of transcription factors which share a DNA-binding domain
referred to as the forkhead domain. Our focus is on the FOXP subfamily members, which
are involved in language and cognition amongst other things. The FOXP proteins contain a
conserved zinc finger and a leucine zipper motif in addition to the forkhead domain. The re-
mainder of the sequence is predicted to be unstructured and includes an acidic C-terminal
tail. In the present study, we aim to investigate how both the structured and unstructured
regions of the sequence cooperate so as to enable FOXP proteins to perform their func-
tion. We do this by studying the effect of these regions on both oligomerisation and DNA
binding. Structurally, the FOXP proteins appear to be comparatively globular with a high
proportion of helical structure. The proteins multimerise via the leucine zipper, and the sta-
bility of the multimers is controlled by the unstructured interlinking sequence including the
acid rich tail. FOXP2 is more compact than FOXP1, has a greater propensity to form higher
order oligomers, and binds DNA with stronger affinity. We conclude that while the forkhead
domain is necessary for DNA binding, the affinity of the binding event is attributable to the
leucine zipper, and the unstructured regions play a significant role in the specificity of bind-
ing. The acid rich tail forms specific contacts with the forkhead domain which may influence
oligomerisation and DNA binding, and therefore the acid rich tail may play an important
regulatory role in FOXP transcription.
The FOX superfamily comprises one of the largest classes of transcription factors, consisting of over
100 members in species ranging from yeast to humans. Its members share a conserved DNA-binding
domain of a winged helix fold, referred to as the forkhead domain (FHD) [1]. The FOX proteins are
further subdivided into 19 subfamilies (FOXA-FOXS) based on sequence similarity both in the forkhead
domain and in the remainder of their sequence [2]. FOX transcription factors are ubiquitously expressed
during embryonic development as well as throughout adult life, and they play important developmental
roles in numerous organs including the heart, lungs, liver, brain, and pancreas [2]. They are also involved
in a range of diverse essential biological functions including regulation of the immune system, chromatin
remodelling, glucose metabolism, ageing and longevity, and language and cognition [3]. Because of the
significant role these transcription factors play in such a variety of tissues and cells, it is not surprising
that they have been linked with numerous diseases including cancer [4].
The FOXP subfamily consists of four members (FOXP1–4). Unlike most other FOX transcription fac-
tors, members of the FOXP subfamily typically repress rather than activate transcription [5]. FOXP1,
2, and 4 regulate gene expression in the brain, lung, and gut [6–9]. FOXP2 is most well-known for its
involvement in spoken language [6,7,10] and both FOXP1 and FOXP2 have been associated with cogni-
tive disorders such as schizophrenia and autism [11,12]. FOXP3 is expressed in regulatory T cells where it
plays a role in the immune system [13]. Structurally, the FOXP proteins are characterised by an N-terminal
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poly-glutamine tract, a zinc finger and a leucine zipper motif in addition to the forkhead DNA-binding domain which
is located near the C-terminal end of the protein [5]. FOXP1, 2, and 4 also have a highly acidic region of approximately
70 amino acids at the C terminus, termed ‘the acid-rich tail’.
Like other FOX proteins, the FOXP proteins interact with DNA by insertion of the forkhead domain helix 3 into
the DNA major groove [14–18]. This interaction demonstrates distinct specificity towards the DNA sequence [19].
Unlike other FOX proteins, however, the FOXP proteins have the ability to form domain swapped dimers via the
forkhead domain [14–16]. Furthermore, FOXP proteins are also capable of multimerising via their leucine zipper
motif [5,20]. This multimerisation event can be homomeric but can also be heteromeric and different members of
the FOXP family have been shown to hetero-associate [5,21–23]. Indeed, unlike their FOX siblings which interact
with DNA as monomers, it has been stated that it is necessary for FOXP proteins to dimerise via the leucine zipper
in order to interact with DNA [5]. This statement, while perhaps true in vivo with the full-length protein, is not a
requirement in vitro as the isolated forkhead domain has been shown to bind DNA in monomeric form [14,24].
It is clear that in order to fully understand the way FOXP proteins bind to DNA and regulate transcription, it is
necessary to understand the role played by each of the domains in the sequence. Does multimerisation play a signif-
icant part in transcriptional regulation in this subfamily? How exactly does such a large superfamily of ubiquitously
expressed proteins have such specific non-overlapping functions, and do all parts of the sequence have a unique role
to play in ensuring that the proteins perform their specific functions? While there is some evidence already avail-
able to suggest putative roles for certain parts of the sequence (e.g., the polyglutamine tract and zinc finger motif
are believed to be involved in protein–protein associations, the leucine zipper has been shown to cause homo and
heterotypic multimerisation and the forkhead domain is responsible for DNA-binding specificity [5,19,25]), it is not
known how these domains, along with the remaining undefined regions of the sequence including the acid rich tail,
function together to support a cohesive mechanism of transcriptional regulation. The objective of the present study,
therefore, is to provide more clarity on how the two oligomerisation interfaces, the leucine zipper and the forkhead
domain, as well as the interlinking disordered sequence including the acid rich tail, co-operate so as to contribute to
the structure and DNA binding of the FOXP proteins.
Experimental methods
Expression and purification
The present study focused on five FOXP constructs. They were: FOXP1 LZ-END and FOXP2 LZ-END which con-
tained the full stretch of sequence from the leucine zipper to the C-terminal end of the protein in both FOXP1
(UniProt ID Q9H334) and FOXP2 (UniProt ID O15409) respectively; FOXP2 LZ-FHD which contained the stretch
of FOXP2 sequence from the leucine zipper to the end of the forkhead domain; FOXP2 FHD which contained the iso-
lated forkhead domain and FOXP2 FHD-END which contained FOXP2 sequence from the beginning of the forkhead
domain to the end of the protein including the acidic C-terminal tail.
The coding sequences for all five constructs were each inserted into the multiple coding site of a pET-11A plasmid
(Novagen, Germany) which is under the control of a T7 promotor (Genscript, U.S.A.). FOXP1 LZ-END, FOXP2
LZ-FHD, FOXP2 FHD-END and FOXP2 FHD were overexpressed at 20◦C as previously described for the FHD
[14,26] and FOXP2 LZ-END was expressed under similar conditions except at 37◦C. The overexpressed proteins were
purified using IMAC chromatography on a HiTrap™ nickel charged column (GE Healthcare, U.S.A.) as previously
described for the FHD [24,26,27]. Briefly, this included passing the proteins through the column in binding buffer
(20 mM Tris-HCl, pH 7.6, 500 mM NaCl, 50 mM imidazole) followed by a high salt and detergent wash (20 mM
Tris-HCl, pH 7.6, 1.5 M NaCl, 50 mM imidazole supplemented with 1% Triton-X and 0.5% Tween® 20), followed by
a mild imidazole wash (20 mM Tris-HCl, pH 7.6, 500 mM NaCl, 100 mM imidazole), followed by a one-step elution
(20 mM Tris-HCl, pH 7.6, 500 mM NaCl, 500 mM imidazole). The proteins were stored in a buffer containing 10
mM HEPES, pH 7.5, 200 mM NaCl and 2 mM DTT.
Structural characterisation
Secondary structural characterisation of all five FOXP constructs was performed at 20◦C using far-UV circular
dichroism (CD) spectropolarimetry with a JASCO J-1500 instrument (JASCO inc). Measurements were recorded
on 10 μM protein in the wavelength range of 190−250 nm using a path length of 0.2 mm and were an average of
three replicates. All samples were filtered to 0.2 μm so as to remove aggregates or dust particles that may interfere
with the polarisation of light. Raw data were converted from mdeg to mean residue ellipticity ([θ]MRE). Data analysis
was performed using the SELCON algorithm on the DichroWeb server [28], and the significance of the results was
estimated using an unpaired Student’s t-test. Thermal unfolding of the variants was monitored with far-UV circular
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dichroism over a temperature range of 20–80◦C with a gradient of 1◦C/min by following the signal at 222 nm – a
wavelength that gives an indication of the α-helical content of the protein.
Fluorescence spectra were measured in triplicate at 20◦C using a JASCO FP-6300 spectrofluorometer (JASCO inc).
All protein samples at a concentration of 2–5μM were excited at 295 nm and the emission spectra were recorded from
295 to 450 nm. Fluorescence emission intensity of each spectrum was then normalised for comparison.
Size exclusion chromatography (SEC) was used to investigate the native quaternary state of the constructs following
incubation of 20 μM of each of the constructs at 20◦C for at least 30 min. A Superdex® 200 10/300 GL column (GE
Healthcare, U.S.A.) was used to size the longer proteins, FOXP1 LZ-END, FOXP2 LZ-END and FOXP2 LZ-FHD,
and a HiLoad™ 16/60 Superdex® 75 prep grade column (GE healthcare, U.S.A.) was used for FOXP2 FHD and
FOXP2 FHD-END. The columns were equilibrated with running buffer (500 mM NaCl, 10 mM HEPES, pH 7.5, 2
mM DTT) and calibrated using the Gel Filtration Markers Kit for Protein Molecular Weights 12–200 KDa (Sigma
Aldrich, U.S.A.).
Structural modelling
Of the five constructs, the only crystal structure available is that of the isolated FHD [14]. In order to obtain an idea
of the structures of the remaining four constructs, FOXP1 LZ-END, FOXP2 LZ-END, FOXP2 LZ-FHD and FOXP2
FHD-END, structure modelling was performed using the I-TASSER (http://zhang.bioinformatics.ku.edu/I-TASSER)
online server [29]. I-TASSER implements a hierarchical approach to modelling protein structures. Structural mod-
elling through I-TASSER occurs in three steps: structural template identification, iterative structure assembly, and
structure-based function annotation. The server identifies structural templates from the Protein Data Bank (PDB) by
LOMETS and iteratively assembles the protein folds by threading input sequences to build the tertiary structure. The
continuous fragments (> 5 residues) are excised from the LOMETS alignments and used to reassemble the structure
by replica-exchange Monte Carlo simulations. The simulation trajectories are then clustered by SPICKER and are
used as the starting state of the second round I-TASSER assembly simulation. Finally, the structures of the lowest
energy are selected, which are then refined by a fragment-guided molecular dynamics procedure, with the purpose
of optimising the hydrogen-bonding network and removing steric clashes [29].
In order to refine the models, energy minimisation was implemented to mitigate any unwanted, straining energy
potential in the models that could cause unfavorable rotamer positions, bad angles and bonds, clashes and many other
adverse conformational changes. The Schrödinger suite encompassing Maestro™ was used to facilitate the model
refinement through several commands. A PDB model was imported into the Maestro™ workspace and subjected
to refinement by the Protein Preparation Wizard. The following parameters were included under the import and
process option: assignment of bond orders, addition of hydrogens, creation of zero-order bonds to metal, creation of
disulfide bonds, deletion of waters beyond 5.00 from heterogen groups and the generation of heterogen states using
Epik pH 7.00 +− 2. The run was preprocessed, reviewed and modified. Next, the model was optimised by removing
water molecules, the convergence of heavy atoms to an RMSD of 0.3 and implementation of the OPLS3e force field.
Subsequently, the MacroModel minimisation job was run. The models were further checked for bad bond angles and
rotamers as well as Ramachandran outliers using MolProbity [30,31].
DNA binding
Oligonucleotide
All DNA-binding studies in this work used a duplex cognate DNA sequence containing a single binding site (under-
lined): 5′-TTAGGTGTTTACTTTCATAG-3′. This particular DNA sequence has been shown to have a strong affin-
ity for the FOXP2 FHD [19,24,32]. The oligonucleotide was synthesised as a duplex by Integrated DNA Technology,
South Africa.
Electrophoretic mobility shift assay
In order to confirm that all constructs were folded in their correct, native 3D form and hence were functionally viable,
electrophoretic mobility shift assays (EMSAs) were conducted on all constructs. In these assays, protein was mixed
with DNA, resolved on an acrylamide gel and stained for DNA with SYBR® Gold Nucleic Acid Stain (Invitrogen,
U.S.A.). In a typical EMSA, free DNA, due to its smaller size and greater electrophoretic mobility, is readily separated
from DNA that is associated with protein. In this way DNA-binding can be identified via electrophoretic shifts where
bands representing DNA complexed with protein will migrate slower through the gel relative to free DNA [33]. Prior
to electrophoresis, 500 nM DNA oligonucleotide was mixed at increasing protein concentration (0–40 μM) in a bind-
ing buffer containing 10 mM HEPES, pH 7.5, 1 mM MgCl2, 100 mM KCl, 10% (w/v) glycerol and 0.1 mg/ml BSA. The
samples were then incubated on ice for 30 min to allow for DNA–protein complex formation. To minimise streaky
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bands on EMSAs, the poly-acrylamide gels were subjected to an electrophoresis pre-run using a pre-run buffer (25
mM Tris, 192 mM glycine, pH 8.3) for 1 h at 100 V at 4◦C. Following this the samples were loaded onto 10% contin-
uous EMSA gels (10% (w/v) acrylamide, 0.69% (w/v) bis-acrylamide) and subjected to electrophoresis at 4◦C for 2–4
h, using the pre-run buffer.
Fluorescence anisotropy
Fluorescence anisotropy was used to obtain further information about the binding interaction between each construct
and DNA. When fluorophores are excited with polarised light, the degree of polarisation upon emission (anisotropy)
is related to the size of the complex. Larger protein–DNA complexes with slower tumbling times will display greater
anisotropy than free DNA. Fluorescence anisotropy experiments were conducted on a PerkinElmer LS-50B fluores-
cence spectrophotometer fitted with an anisotropy filter. Briefly, 500 nM ROX-5′-labelled DNA was incubated with
increasing concentrations (0–6000 nM) of each of the five FOXP constructs in binding buffer (10 mM HEPES pH 7.5,
100 mM NaCl and 0.02% NaN3). Fluorescence anisotropy was measured at an emission wavelength of 605 nm fol-
lowing excitation with a wavelength of 580 nm. Data were obtained in triplicate and averaged. Errors are the standard
deviation of the averaged replicates. The data were fit to a single site binding model using SigmaPlot version 13.0,
from Systat Software, Inc., San Jose California U.S.A., www.systatsoftware.com. The significance of observed differ-
ences in dissociation constant (KD) for each of the constructs upon DNA binding was assessed using an unpaired
Student’s t-test.
Results
While a number of inferences have been made as to the purpose of the various FOXP domains through studies con-
ducted both in vivo [5,6] and in vitro [25], the significance of the large proportion of undefined interlinking sequence
in these proteins has not been considered. Bearing in mind that the undefined sequence constitutes well over 50%
of the protein sequence, it is highly probable that these regions of the sequence cooperate with the defined domains
so as to enable the protein to perform its function. Therefore, in the present study, our focus is specifically on the
two dimerisation interfaces, namely the leucine zipper and the forkhead domain, as well as the interlinking sequence
including the acid rich tail, and their contributions to structure, multimerisation and DNA binding of the FOXP
proteins.
In order to address these matters, five different constructs were used in the present study (Figure 1C). All five
constructs were successfully purified and migrated to their correct anticipated monomeric sizes on an SDS PAGE gel
(Figure 1A). A number of different comparative studies were performed on the five constructs, including structural,
oligomerisation and DNA binding studies. From these, we were able to make detailed conclusions about the specific
roles played by the different parts of the protein sequence. Because the sequences of FOXP1 LZ-END and FOXP2
LZ-END are 100% similar in their leucine zipper regions and 96% similar in their forkhead domains (Figure 1B), a
comparison between FOXP1 LZ-END and FOXP2 LZ-END will primarily give information on the acid rich tail and
interlinking sequence as these regions share the least similarity and low identity between the two proteins. Comparing
FOXP2 LZ-FHD with FOXP2 LZ-END will give information on the specific contribution of the acid rich tail, while
comparing FOXP2 LZ-END with FOXP2 FHD-END will give information about the leucine zipper region. The FHD
construct is useful for understanding how the forkhead domain behaves in isolation.
In order to interpret any structural contribution made by the different regions of the sequence, it was necessary to
characterise each of the constructs in terms of their secondary structure (Figure 2A,B), their tertiary structure (Figure
2C) and their predicted 3D structure (Figure 3). All constructs displayed a circular dichroism spectrum characteristic
of a predominantly alpha helical protein with a trough at 208 and 222 nm. Analysis of the spectra revealed that the
three longer variants, which contain the leucine zipper, have a significantly higher proportion of helical content than
the two shorter variants. This implies that the leucine zipper and the interlinking sequence between the leucine zipper
and the forkhead domain are significantly more helical than the remaining portion of the protein. Because ∼80% of
the longer constructs was shown to contain helical structure while only ∼34% of the sequence is predicted to form the
structured regions of the leucine zipper and forkhead domain (Figure 1), the CD result implies that a large proportion
of the connecting sequence in the FOXP structure is not disordered and indeed contains defined helical structure.
The FHD and FHD-END constructs display a proportion of beta structure in addition to the alpha-helices and this
is confirmed by the FHD crystal structure [14].
All five FOXP constructs contain three tryptophan residues and all three of these are located in the forkhead domain
(Figure 3A). As with the CD spectra, the intrinsic tryptophan fluorescence spectra also indicate a difference between
the three leucine zipper-containing constructs and the two smaller variants. There is a shift in the peak of the spectrum
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Figure 1. FOXP constructs used in the study
(A) SDS-PAGE gel of each construct used in the present study following purification. Each construct is pure and migrates to its
correct approximate predicted size. Predicted monomeric size of the constructs is: FOXP1 LZ-END ∼40 kDa, FOXP2 LZ-END
∼40 kDa, FOXP2 LZ-FHD ∼29 kDa, FOXP2 FHD-END ∼26 kDa, FOXP2 FHD ∼13 kDa. (B) Pairwise sequence alignment of FOXP1
LZ-END and FOXP2 LZ-END. The constructs share 68.5% identity and 85.3% similarity; however, this is not spread evenly through-
out the sequence with the LZ and FHD sharing more similarity and the interlinking sequence and acid rich tail being less similar
between the two sequences. The alignment was performed using EMBOSS Needle [34]. (C) A schematic showing the position of
the domains on the sequence of the five FOXP constructs used in the present study. The number of amino acids in each construct
is given on the right. FOXP2 numbering of the full-length protein is shown above the FOXP2 LZ-END species.
to a lower wavelength when in the presence of the leucine zipper, implying that in the leucine-zipper-containing
constructs, the three forkhead domain tryptophan residues are in a more hydrophobic environment.
The 3D models of the constructs (Figure 3A) agree with the spectroscopic structural characterisations in that
all the models appear predominantly helical with the FHD-END construct showing the least helicity as seen in the
Ramachandran plot (Figure 3B) which is consistent with the CD data. The leucine zipper presents as a helix in all the
models and the forkhead domain resembles that of the crystal structure. Although the quality of the models is not as
high as would be expected for a crystal structure, the fact that they agree with experimental data and the fact that the
MolProbity validation scores are within acceptable limits [31] (MolProbity scores ranging from the 50th percentile to
the 65th percentile and MolProbity clash scores all being above the 97th percentile), means we can use the models to
make plausible qualitative interpretations of the structure of the constructs as a supplement to the experimental data.
Interestingly, despite the large proportion of undefined sequence, the 3D model structures of the FOXP constructs
all appear to be more globular than extended, with clear pockets of secondary structure evident in the interlinking
regions which corresponds with the CD data (Figure 2B). The C-terminal acid rich tail in particular folds back to
form specific contacts with the forkhead domain (Figure 3A).
While these predicted structures are informative, it is important to bear in mind that they represent monomeric
models only and since the FOXP subfamily is believed to multimerise, via both the leucine zipper [5,37] and the
forkhead domain [14,24], the way the protein behaves will likely be influenced by its multimeric structure.
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Figure 2. Secondary and tertiary structural characterisation of the five FOXP constructs
(A) Secondary structural characterisation using far-UV circular dichroism. (B) Secondary structural content analysis of the circular
dichroism spectra using DichroWeb [28]. The longer constructs have a higher proportion of helical structure but also more disorder.
Statistical significance of the differences in proportion of secondary structural content was determined using an unpaired Student’s
t-test (***P<0.001). (C) Normalised tryptophan fluorescence spectra (excitation wavelength 295 nm) of the five FOXP constructs.
Maximum fluorescence intensity is observed at ∼330 nm for the longer, leucine-zipper-containing FOXP constructs and ∼336 nm
for the forkhead domain variants.
Therefore in order to assess the contribution of the various parts of the sequence to the quaternary structure of
the FOXP proteins, we performed size exclusion chromatography on the native protein constructs (Figure 4). This
was performed using two separate columns of different range due to the difference in size of the constructs under
study. Indeed, the results imply that four of the five constructs exist as multimers in solution with only the isolated
forkhead domain eluting from the size exclusion column at its predicted monomeric size (Figure 4). Furthermore,
and as reported by others [25], the constructs existed as mixtures of species of different sizes, particularly in the case
of FOXP1 LZ-END and FOXP2 LZ-END, where two distinct peaks are seen in the elution profile (Figure 4A) despite
a single pure band being detected on the SDS-PAGE gel (Figure 1A).
Predictions based on the monomeric size indicate that ∼70% of the FOXP2 LZ-END species could exist in
oligomeric structures as large as octamers and ∼60% of the FOXP1 LZ-END species could exist as tetramers. Due to
the large proportion of disordered sequence predicted in these structures, it is plausible that they do not fold into en-
tirely globular structures and therefore the size exclusion results could give an over estimate of their true multimeric
sizes due to their larger hydrodynamic volume. However, the 3D models do predict that even the disordered regions
take on some structure with the models appearing to be mostly globular (Figure 3A) and so even if the exact sizes
cannot be accurately determined, the SEC results clearly do point towards all four constructs exhibiting some degree
of oligomerisation and for the purpose of this study, this qualitative result is sufficient. Oligomerisation via the leucine
zipper in the three longer constructs also explains the fluorescence results, where the forkhead domain tryptophan
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Figure 3. Molecular modelling of the FOXP constructs
(A) Modelled structures of the constructs in comparison to the crystal structure of the FHD bound to DNA (PDB ID 2A07) [14]. The
LZ region is green, the FHD is gold and the acid rich tail is red. The DNA-binding helix, H3, is shown in a similar orientation in
each construct. The side chains of the three tryptophan residues are indicated as spheres. Models were created using I-TASSER
online server [29,35]. Structures were generated in PyMol [36]. (B) Ramachandran plots for the ab initio models of each of the FOXP
constructs. The models were generated and validated using a series of different software and programs, including I-TASSER online
software [29,35], the Maestro suite in Schrödinger and MolProbity online tool [30,31]. Ramachandran plots were generated using
MolProbity [30,31].
residues appear to be in a more hydrophobic environment in the three leucine-zipper-containing constructs com-
pared with the two shorter constructs (Figure 2C). This result suggests that multimerisation via the leucine zipper
domain probably results in partial burial of the forkhead domain.
Thermal melting curves give an indication of protein stability, although G(H2O) cannot be accurately obtained
from these melting curves since they do not display reversibility [38]. The thermal melts of the five constructs (Figure
5) indicate similar TM values but display differences in cooperativity which can be attributed to how homologous the
solution is.
In addition to studying the structure of the various constructs, it was also necessary to study their DNA-binding
behaviour. In order to assess whether each of the constructs was able to interact with DNA, electrophoretic mobility
shift assays (EMSAs) were used (Figure 6). The EMSAs indicate that each of the constructs is capable of binding
DNA. From this qualitative assessment, it appears that the three leucine zipper-containing constructs have the greatest
affinity for the DNA although the leucine zipper is not a requirement for DNA binding. The gels also suggest that
whereas the two smaller constructs appear to form a single complex with the DNA, the three leucine zipper-containing
constructs may bind to the DNA as more than one species with varying affinity for the DNA. The slight smearing
© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Figure 4. Determination of size and heterogeneity of the constructs
(A) Gel filtration elution profiles of FOXP1 LZ-END, FOXP2 LZ-END and FOXP2 LZ-FHD. Size exclusion chromatography was
performed on a HiLoad Superdex 200 Increase 10/300 GL column. Both FOXP1 and FOXP2 LZ-END constructs eluted as two
peaks while FOXP2 LZ-FHD eluted as a single peak. (B) Gel filtration of the smaller FOXP2 FHD-END and FOXP2 FHD constructs
was performed on a HiLoad 16/60 Superdex 75 prep grade column. Both these constructs eluted as a single peak. (C) Table
showing the predicted size and predicted quaternary structure of each of the species separated by SEC.
Figure 5. Thermal stability
(A) Thermal melting curves of the FOXP constructs obtained by monitoring the far-UV CD ellipticity at 222 nm over a temperature
range of 20–80◦C. Thermal unfolding data were fitted using the global curve fitting wizard in SigmaPlot from Systat Software, Inc.,
San Jose California U.S.A. (B) Table showing the TM for each of the constructs.
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Figure 6. Protein−DNA complex formation of the FOXP variants as determined by electrophoretic mobility shift assay
About 500 nM cognate DNA was incubated with increasing concentrations (5−40 μM) of: (A) FOXP2 LZ-END, (B) FOXP1 LZ-END,
(C) FOXP2 LZ-FHD, (D) FOXP2 FHD, (E) FOXP2 FHD-END. All constructs showed DNA binding capability, suggesting that the FHD
(DNA-binding domain) is correctly folded and accessible to DNA in all cases.
observed on the gels indicates that within the gel environment, the proteins do not remain associated with the DNA
but repeatedly come off and on the DNA as they migrate through the gel [33].
Since all constructs were found to be capable of binding DNA, fluorescence anisotropy was used to compare the
DNA-binding affinities of each of the constructs (Figure 7). The results confirm the EMSA predictions in that all
the constructs showed a binding curve and hence interacted with the DNA. Furthermore, and as suggested by the
EMSA, a significant difference in DNA binding affinity was detected between the leucine-zipper-containing FOXP2
constructs and the two shorter constructs. The leucine-zipper-containing FOXP2 constructs appear to interact with
the DNA significantly more tightly than the shorter FOXP2 species that do not contain the leucine zipper. Interest-
ingly, however, the leucine-zipper-containing FOXP1 LZ-END construct does not interact with the FOXP2 cognate
sequence with as high an affinity as the FOXP2 LZ-END construct despite containing 100% similarity in the leucine
zipper domain and 96% similarity in the forkhead domain. This implies that the interlinking sequence may play a
significant part in affecting the affinity of the protein for DNA. In order to address this observation further, we used
anisotropy to assess the DNA binding of a 6th construct – FOXP1 LZ-FHD. This construct is missing the acid rich
tail. Interestingly, there is no significant difference in DNA-binding affinity between FOXP2 LZ-FHD and FOXP1
LZ-FHD and therefore the significantly weaker binding of FOXP1 LZ-END must be ascribed to the acid rich tail
which is absent in the FOXP1 LZ-FHD construct.
Discussion
The purpose of the present study was to investigate how the structure of FOXP proteins influences their DNA-binding
function. A deep understanding of this concept will lead to a better appreciation of how this protein subfamily regu-
lates gene expression. In order to answer this question, the region of the FOXP sequence extending from the leucine
zipper to the C terminus was dissected into five constructs containing combinations of the individual structured do-
mains as well as regions of disorder. Through these constructs, the manner in which the different parts of the sequence
cooperate so as to produce functional protein was investigated. The stretch of FOXP sequence under study contains
two oligomerisation interfaces namely the leucine zipper and the forkhead domain. The remainder of the sequence
© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution








K user on 07 January 2021
Bioscience Reports (2021) 41 BSR20202128
https://doi.org/10.1042/BSR20202128
Figure 7. DNA-binding affinity studies
(A) DNA-binding curves for the FOXP1 and FOXP2 constructs as determined by fluorescence anisotropy. For each experiment, 500
nM dsDNA containing a single FOXP2 binding site labelled at the 5′ end with ROX was incubated with increasing concentrations of
each protein construct (0–6 μM). The fluorescence anisotropy at each concentration was measured and the data fitted to a single
site binding model. (B) The statistical significance of the differences between the KD of DNA binding of each variant was determined
using a Student’s t-test (*P<0.05; **P<0.01; ***P<0.001). Errors indicate the standard deviation of three averaged replicates. The
KD obtained for DNA binding of FOXP1 LZ-END, FOXP2 FHD and FOXP2 FHD-END are: 1281.2 +− 70.4 nM, 1745.7 +− 15.9 nM and
1904.0 +− 25.1 nM, respectively which is significantly higher than 766 +− 12.1 nM, 347.1 +− 55.4 nM and 326.2 +− 73.2 nM for FOXP1
LZ-FHD, FOXP2 LZ-FHD and FOXP2 LZ-END, respectively.
is thought to be disordered and has not been given much consideration in the literature to date, despite the fact that
it constitutes over half the protein (Figure 1).
Structural studies indicate that all constructs take on a significant proportion of helical structure and it is clear from
both the CD spectra (Figure 2A) and the 3D models (Figure 3A) that this helical structure is not only present in the
predicted structured domains, but makes up a portion of the ‘unstructured’ region as well. The protein appears not
to take on the classical ‘beads on a string’, extended structure but rather appears to be folded and globular, and even
though regions of disorder do exist, they constitute under 20% of the backbone fold of the three larger constructs
(FOXP1 LZ-END, FOXP2 LZ-END and FOXP2 LZ-FHD) and aren’t represented at all in in the backbone structure
of the two smaller constructs (FOXP2 FHD and FOXP2 FHD-END) (Figure 2).
The size exclusion chromatography results show that four of the five constructs are not monomeric and form higher
order oligomers. Indeed, multimerisation via the leucine zipper is likely to be a property of all FOXP proteins as has
been identified by others in FOXP3 [5,20] and FOXP2 [25]. Despite the fact that all five constructs have the potential
to form multimers, they do not appear to do so with the same propensity. Our results show that FOXP2 LZ-END
forms the largest complexes, with species potentially as large as octamers being detected, while the size of FOXP1
LZ-END multimers appears to be only about half of that (Figure 4A). Because the leucine zipper is 100% similar
in these two constructs, this implies that it is not the leucine zipper alone but also the unstructured sequence in-
cluding the acid rich tail that contributes to multimerisation. The only one of the five constructs that appears to be
monomeric in the present study is the FHD. There is evidence that the isolated FHD can form a domain swapped
dimer [14], but this was observed at the very high concentrations required for crystallisation and so its physiological
relevance remains uncertain. Our work shows that the isolated forkhead domain exists as a monomer in solution at
physiological concentrations and furthermore that it can bind DNA as a monomer [24]. Therefore, it is unlikely that
the multimerisation events that we observe with the other four constructs are controlled by the forkhead domain. We
can conclude that multimerisation occurs via the leucine zipper but is also influenced by the unstructured regions of
the protein including the acid rich tail. This is further justified by the fact that the acid rich tail-containing FHD-END
construct was shown to dimerise while the FHD alone is monomeric. Furthermore, multimerisation via the leucine
10 © 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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zipper causes the environment of the forkhead domain to become more hydrophobic (Figures 2 and 4). Multimerisa-
tion thus has a direct effect on the position of the tryptophan-containing DNA-binding domain which implies that the
formation of higher order oligomers could be linked to the DNA-binding function of the FOXP proteins. The EMSA
results indicate that all the oligomeric species in the heterologous solution are capable of binding DNA (Figure 6).
However this is merely a qualitative assessment and it is not clear from the EMSA if each species interacts with DNA
with the same affinity. There is a possibility that the degree of oligomerisation can affect the way the protein interacts
with DNA and since the degree of oligomerisation is also influenced by the unstructured regions [39], the unstruc-
tured regions will also have an effect on DNA binding. In general FOXP1 is less prone to form oligomers than FOXP2
and comparisons of the 3D modelled structures (Figure 3) tend to suggest that FOXP1 is less compact than FOXP2.
Therefore, the less compact the FOXP structure is, the lower its propensity for higher order oligomer formation via
primarily the leucine zipper, and the weaker its affinity for FOXP2 cognate DNA.
All five constructs used in the present study were shown to bind DNA (Figures 6 and 7). This is not too surprising
because all five constructs contain the forkhead domain which has been demonstrated to be essential for DNA binding
[25]. What is interesting, however, is that the isolated FHD construct does not show a strong affinity for the DNA. The
FOXP2 leucine zipper-containing constructs show significantly greater affinity (Figure 7), implying that the leucine
zipper is not only critical for multimerisation but plays a role in DNA binding as well. However, the strong affinity for
the DNA cannot be ascribed to the leucine zipper alone because FOXP1 LZ-END, which shares 100% similarity in the
leucine zipper region with FOXP2 LZ-END has a significantly lower affinity for the FOXP2 cognate sequence (Figure
7). This suggests that the acid rich tail and unstructured interlinking sequences assist with selectivity of binding and
it is these regions of the sequence that are critical in ensuring that different members of the family display specificity
towards different DNA sequences. Indeed, the binding affinity of an additional construct, FOXP1 LZ-FHD, supports
our conclusion that the acid rich tail plays a role in binding specificity. In the absence of the acid rich tail, both
FOXP1 LZ-FHD and FOXP2 LZ-FHD show similar binding affinities (P value = 0.1 therefore there is no significant
difference between the KD values). However, when the acid rich tail is included, FOXP1 LZ-END shows significantly
lower affinity for DNA than FOXP2 LZ-END (Figure 7).
It is, therefore, possible that the acid-rich tail may actually play a significant regulatory role in DNA binding. Ac-
cording to the models, the acid-rich tail folds back and makes specific interactions with the forkhead domain (specific
glutamate residues from the acid rich tail interact with specific arginine residues from the forkhead domain). This
interaction could interfere with both oligomerisation and DNA binding, potentially allowing H3 to be better or worse
exposed to the major groove. Therefore the possibility exists that the acid rich tail plays a finely-tuned regulatory role
by affecting both multimerisation and DNA binding of the transcription factor. Indeed, this is not the only example
of a flexible C-terminal acidic tail being involved in oligomerisation [40,41] or DNA interactions [42].
Conclusion
The FOXP domains as well as the unstructured interlinking sequence have precise significant roles to play in the
function of these proteins, specifically in terms of oligomerisation and DNA binding. FOXP2 appears to be more
compact in its monomeric form than FOXP1 and this improves its propensity for higher oligomer formation. The
multimerisation event is driven by the leucine zipper domain and in turn causes the DNA-binding forkhead domain
to become partially buried in a hydrophobic environment. Hence, multimerisation also affects DNA binding. The
oligomerisation of the FOXP proteins is not homologous and a number of species of varying oligomeric size can
form. Each of these species is capable of binding DNA, however they may not all interact identically with the DNA
so that heterologous multimerisation may be a means of regulation employed by these proteins. The multimerisation
is also, in part, affected by the unstructured regions of the protein. Indeed, the flexible acid rich tail folds back and
forms specific contacts with the forkhead domain through which it can influence DNA binding and possibly dimeri-
sation via the forkhead domain. While the forkhead domain is essential for DNA binding, the affinity of this binding
interaction is governed by the leucine zipper and the specificity of the association is under the control of the acid rich
tail. Therefore the undefined, less conserved regions of the sequence play a part in ensuring that each member of the
family is specific for its binding sequence by influencing the way the protein folds and multimerises. Our results sug-
gest that more consideration should be given to the unstructured regions of the sequence in future, when considering
regulation of transcription by these proteins.
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1 Kaestner, K.H., Knöchel, W. and Martinez, D.E. (2000) Unified nomenclature for the winged helix/forkhead transcription factors. Genes Dev. 14,
142–146
2 Hannenhali, S. and Kaestner, K. (2009) The evolution of FOX genes and their role in development and disease. Nat. Rev. Genet. 10, 233–240,
https://doi.org/10.1038/nrg2523
3 Golson, M.L. and Kaestner, K.H. (2016) FOX transcription factors: from development to disease. Development 143, 4558–4570,
https://doi.org/10.1242/dev.112672
4 Lam, E.W.F., Brosems, J.J., Gomes, A.R. and Koo, C.-Y. (2013) Forkhead box proteins: tuning forks for transcriptional harmony. Nat. Rev. Cancer 13,
482–495, https://doi.org/10.1038/nrc3539
5 Li, S., Weidenfeld, J. and Morrisey, E.E. (2004) Transcriptional and DNA binding activity of the Foxp1/2/4 family is modulated by heterotypic and
homotypic protein interactions. Mol. Cell. Biol. 24, 809–822, https://doi.org/10.1128/MCB.24.2.809-822.2004
6 Lai, C.S.L., Gerrelli, D., Monaco, A.P., Fisher, S.E. and Copp, A.J. (2003) FOXP2 expression during brain development coincides with adult sites of
pathology in a severe speech and language disorder. Brain 126, 2455–2462, https://doi.org/10.1093/brain/awg247
7 Wang, B., Lin, D., Li, C. and Tucker, P. (2003) Multiple Domains Define the Expression and Regulatory Properties of Foxp1 Forkhead Transcriptional
Repressors. J. Biol. Chem. 278, 24259–24268, https://doi.org/10.1074/jbc.M207174200
8 Lu, M.M., Li, S., Yang, H. and Morrisey, E.E. (2002) FOXP4: A novel member of the FOXP subfamily of winged helix genes coexpressed with FOXP1 and
FOXP2 in pulminary and gut tissues. Mech. Dev. 2, S197–S202, https://doi.org/10.1016/S0925-4773(03)00116-3
9 Spaerth, J.M., Hunter, C.S., Bonatakis, L., Guo, M., French, C.A., Slack, I. et al. (2015) The Foxp1, Foxp2 and Foxp4 transcription factors are required for
islet alpha cell proliferation and function in mice. Diabetologia 58, 1836–1844, https://doi.org/10.1007/s00125-015-3635-3
10 Enard, W., Przeworski, M., Fisher, S.E. and Lai, C.S.L. (2002) Molecular evolution of FOXP2, a gene involved in speech and language. Nature 418,
869–872, https://doi.org/10.1038/nature01025
11 Co, M., Anderson, A.G. and Konopka, G. (2020) FOXP Transcription Factors in Vertebrate Brain Development, Function, and Disorders. Wiley Interdiscip.
Rev. Dev. Biol. e375, 2020 Jan 30[Online ahead of print], https://doi.org/10.1002/wdev.375
12 Lang, X., Zhang, W., Song, X., Zhang, G., Du, X., Zhou, Y. et al. (2019) FOXP2 Contributes to the Cognitive Impairment in Chronic Patients With
Schizophrenia. Aging 11, 6440–6448, https://doi.org/10.18632/aging.102198
13 Lu, L., Barbi, J. and Pan, F. (2017) The regulation of immune tolerance by FOXP3. Nat. Rev. Immunol. 17, 703–717,
https://doi.org/10.1038/nri.2017.75
14 Stroud, J.C., Wu, Y., Bates, D.L., Han, A., Nowick, K., Paabo, S. et al. (2006) Structure of the forkhead domain of FOXP2 bound to DNA. Structure 14,
159–166, https://doi.org/10.1016/j.str.2005.10.005
15 Bandukwala, H.S., Wu, Y., Feuerer, M., Chen, Y., Barboza, B., Ghosh, S. et al. (2011) Structure of a Domain-Swapped FOXP3 Dimer on DNA and Its
Function in Regulatory T Cells. Immunity 34, 479–491, https://doi.org/10.1016/j.immuni.2011.02.017
12 © 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons







K user on 07 January 2021
Bioscience Reports (2021) 41 BSR20202128
https://doi.org/10.1042/BSR20202128
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